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Using femtosecond time-resolved resonant magnetic x-ray diffraction at the Ho L3 absorption
edge, we investigate the demagnetization dynamics in antiferromagnetically ordered metallic Ho
after femtosecond optical excitation. Tuning the x-ray energy to the electric dipole (E1, 2p → 5d)
or quadrupole (E2, 2p → 4f) transition allows us to selectively and independently study the spin
dynamics of the itinerant 5d and localized 4f electronic subsystems via the suppression of the
magnetic (2 1 3-τ) satellite peak. We find demagnetization timescales very similar to ferromagnetic
4f systems, suggesting that the loss of magnetic order occurs via a similar spin-flip process in both
cases. The simultaneous demagnetization of both subsystems demonstrates strong intra-atomic
4f -5d exchange coupling. In addition, an ultrafast lattice contraction due to the release of magneto-
striction leads to a transient shift of the magnetic satellite peak.
PACS numbers: 75.78.Jp, 75.25.-j, 78.70.Ck, 78.47.J-
The manipulation of magnetic order by ultrashort light
pulses is of fundamental interest in solid state research
and promises high technological relevance. Since the dis-
covery of the demagnetization of Ni in < 1 ps almost
two decades ago [1], the ultrafast magnetization dynam-
ics of ferromagnetic systems has been intensely studied
both experimentally and theoretically [2–6]; for a review
see [7, 8]. In particular the phenomenon of ultrafast
magnetization reversal recently observed in ferrimagnetic
lanthanide transition metal intermetallics [8–13] has at-
tracted much attention. In the center of this intriguing
effect lies the magnetic exchange interaction between lo-
calized f moments in the rare-earth atoms, and the itin-
erant transition metal d-electrons. This interaction en-
tails a complex interplay of these two spin reservoirs, such
as a transient ferromagnetic state observed during the
magnetization reversal in ferrimagnetic FeCoGd [10] or
momentum transfer between Co and Gd-rich areas [12].
In the rare-earth metals, the magnetic exchange in-
teraction between the large localized moments of their
open 4f shell is mediated by the indirect Ruderman-
Kittel-Kasuya-Yosida (RKKY) interaction via the itiner-
ant 5d6s electrons, leading to a parallel alignment of the
two subsystems. Depending on the details of the band
structure, this interaction leads to a variety of magneti-
cally ordered ground states, ranging from ferromagnetic
alignment in Gd and Tb to complex antiferromagnetic
(AFM) structures in the heavier rare earths. As op-
tical excitation directly interacts with the valence elec-
trons and not with the localized 4f states, these systems
present an ideal case to study the 4f − 5d interaction di-
rectly in the time domain, by separately investigating the
dynamics of these two subsystems. While early experi-
ments using x-ray magnetic circular dichroism (XMCD)
and magneto-optical Kerr effect (MOKE) on the ferro-
magnetic lanthanides Gd and Tb found similar demag-
netization timescales of 4f and 5d electrons [14], more re-
cent time-resolved photoemission work found a transient
decoupling of the two subsystems in Gd [15]. However, so
far no experiment could directly compare the dynamics of
the different spin subsystems using the same observable
in a single experiment, and conclusions relied on models
and the comparison of different experimental approaches.
Furthermore, very little is known about the magnetiza-
tion dynamics in antiferromagnetic lanthanides, which
might provide important insight for the understanding of
all-optical magnetization switching in FeCoGd-type fer-
rimagnets.
In this Letter we investigate the ultrafast demagne-
tization dynamics of ordered itinerant 5d and localized
4f moments in antiferromagnetic Ho metal directly, and
in a single experiment. Femtosecond time-resolved res-
onant magnetic x-ray diffraction allows us to separately
investigate the dynamics of the 4f and 5d electrons by
choosing either a dipole (E1) or quadrupole (E2) tran-
sition in the resonant process. We find a simultaneous
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FIG. 1. (color online) (a) Schematic energy level diagram and
experimental scheme. The resonant x-ray scattering process
selectively probes the delocalized 5d electrons (E1) and the
localized 4f electrons (E2) exited by the optical Laser. (b)
Crystal structure and magnetic ordering of Ho. The atomic
moments (arrows) order ferromagnetically in the a/b planes
and in an antiferromagnetic spin helix with period τ−1 along
the c axis. (c) Resonant x-ray diffraction intensity of the
(2 1 3+τ) magnetic satellite peak as a function of incident x-
ray energy across the Ho L3 edge. Dipole (E1) and quadrupole
(E2) transitions are indicated.
demagnetization of 4f and 5d electrons, demonstrating a
strong intra-atomic exchange coupling, while the similar-
ity of the demagnetization dynamics to 4f ferromagnets
suggests a similar demagnetization process. In addition,
an ultrafast shift of the magnetic satellite peak position
is attributed to a lattice contraction due to the release of
magneto-striction during the demagnetization process.
In Ho metal the 3 (5d6s) electrons hybridize to form
the delocalized, partly occupied valence band structure,
whereas the 10 4f electrons remain localized at the atoms
and split into occupied and unoccupied manifolds, see
Fig. 1(a). The large experimental magnetic moment of
≈ 11.2 µB per atom [16] originates mostly from the large
spin and orbital moments of the partially filled 4f shell.
Below the Ne´el temperature TN ≈ 133 K, Ho undergoes
an antiferromagnetic ordering into a spin helix structure
along the c axis with wave vector τ ∼ 0.3c∗ [Fig. 1(b)].
The length of the spin helix increases with lower temper-
ature and finally locks in at a value of τ = 1/6 below
20 K [17].
Resonant x-ray diffraction is a direct probe for study-
ing AFM structures, since it is able to directly resolve
the atomic-scale pattern of the ordered moments [18–21],
where the AFM spin helix manifests as magnetic satellite
peaks at (H K L ± τ). The resonant x-ray diffraction
process at the Ho L3 absorption edge involves virtual
transitions between 2p core levels and unoccupied va-
lence states, drastically enhancing the sensitivity to the
magnetic ordering of the valence states involved in the
transition. Thus, by choosing either an electric dipole
(E1) or quadrupole (E2) transition, the 5d and the 4f
electrons can be addressed separately due to the respec-
tive selection rules [22, 23], as depicted in Fig. 1(a). As
these two transitions are slightly separated in energy, a
small modification of the x-ray energy allows us to indi-
vidually study the magnetization dynamics of the 4f and
5d electrons independently at the same wave vector.
Time-resolved resonant x-ray diffraction experiments
of the magnetic Ho (2 1 3-τ) satellite peak were carried
out at the X-ray pump-probe (XPP) instrument [24] of
the Linac Coherent Light Source (LCLS) free electron
laser [25]. The holmium single crystal was excited by
1.5 eV laser pulses of 50 fs pulse duration at a repeti-
tion rate of 120 Hz, incident at 5 ◦ to the surface plane.
The energy of the x-ray probe pulses (pulse duration
∼ 30 fs) was tuned around the Ho L3 edge at an energy
of 8.07 keV by a thin diamond double crystal monochro-
mator. The diffracted x-rays from each single shot were
detected using the Cornell SLAC Pixel Array Detector
(CSPAD) [26]. The pump-probe arrival time jitter was
corrected for shot-by-shot using the spectrally encoding
timing tool [27], yielding a total time-resolution of 80 fs.
A grazing incidence of 0.5 ◦ of the x-ray pulses was used
to reduce the effective probe depth of the x-rays to match
the optical penetration depth of λopt ∼ 20 nm [28]. The
sample was held at a temperature of 100 K < TN us-
ing a cryogenic nitrogen blower throughout the exper-
iments. Static resonant x-ray diffraction experiments
characterizing the magnetic order and resonance spec-
tra were performed using a 5-axis surface diffractometer
at the X04SA beamline at the Swiss Light Source.
Fig. 1(c) shows the absorption corrected resonant x-ray
diffraction intensity of the magnetic (2 1 3+τ) satellite
peak as a function of incident x-ray energy near the Ho
L3 edge (which is qualitatively the same for the (2 1 3-
τ) peak). The spectrum shows two prominent peaks at
8.064 keV and 8.072 keV, below and above the Ho L3
absorption edge at 8.070 keV, representing a strong res-
onant enhancement of the magnetic diffraction signal.
These two features originate from the electric quadrupole
(E2) and electric dipole (E1) transitions in the resonant
scattering process, probing the ordered localized 4f and
itinerant 5d moments, respectively [23].
We first concentrate on the magnetism of the itinerant
5d electrons, which are directly excited by the optical
pump pulse. Its dynamics are probed by the normalized
time-dependent diffraction signal I(t)/I0 at the energy of
the dipole (E1) transition, where I0 is the intensity be-
fore excitation, shown in Fig. 2. Upon excitation, we ob-
serve an initial fast drop of diffraction intensity by ∼ 30%
within the first picosecond, followed by a further reduc-
tion of the intensity on a much slower timescale. After
200 ps, the diffraction signal is reduced to ∼ 20%. In
order to extract the different timescales of the demagne-
tization process, the normalized intensity, which is pro-
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FIG. 2. (color online) Time-resolved magnetic x-ray diffrac-
tion intensity of the (2 1 3-τ) satellite peak at X-ray energy
hν = 8.072 keV as a function of pump-probe delay with an
absorbed fluence of F = 1.7 mJ/cm2. Error bars are stan-
dard errors of the x-ray shot distribution, and the solid line is
a three-step fit (see text). Inset: Illustration of the demagne-
tization process: The average magnetic moment of each layer
(large arrows) is reduced by spin-flip scattering.
portional to the square of the ordered magnetic moments
(staggered magnetization), is fit to a phenomenological
function consisting of three exponential decays:
I(t)/I0 =
[
1−
3∑
i=1
Θ(t)Ai(1− e−t/τi)
]2
. (1)
Here, A1,2,3 and τ1,2,3 are the amplitudes and time con-
stants of three demagnetization components, and Θ(t) is
the Heaviside function. A fit to Eq. (1), convolved by
a Gaussian with a FWHM corresponding to the exper-
imental time resolution of 80 fs is shown in Fig. 2 as
a red line and reproduces the data well. The fit yields
the demagnetization time-constants τ1 = 0.56± 0.09 ps,
τ2 = 9.5± 2.2 ps and τ3 = 119± 92 ps, and the demag-
netization amplitudes A1 = 0.12±0.01, A2 = 0.25±0.04
and A3 = 0.23± 0.04.
Such a demagnetization dynamics involving more than
one distinct timescale has been previously observed in
ferromagnetic rare-earth metals and alloys [14, 29–33].
Indeed, the two timescales τ1 and τ2 observed here in an-
tiferromagnetic Ho are remarkably close to the demag-
netization of ferromagnetic Tb, where a two-step demag-
netization with timescales of ∼ 0.7 ps and ∼ 8 ps has
been reported [14]. These two timescales of the demag-
netization have been interpreted in terms of hot-electron-
mediated spin-flip scattering and slower phonon-assisted
spin-lattice relaxation, respectively [5, 34]. The further
demagnetization with time constant τ3 is most likely due
to heat transport within the probed volume.
Further information about the role of the 4f and 5d
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FIG. 3. (color online) Time-resolved magnetic x-ray diffrac-
tion intensity for hν = 8.064 keV (quadrupole, red squares)
and hν = 8.072 keV (dipole, black circles) as a function
of pump-probe delay at an absorbed pump fluence of F =
1.3 mJ/cm2. The inset shows the fast relaxation time con-
stants τ1 obtained from a fit to the data (solid lines, see text).
Error bars are 95% confidence intervals of the fits.
electrons and their coupling in the demagnetization pro-
cess can be gained by tuning the energy of the resonant
x-ray probe pulses across the Ho L3 edge, thereby se-
lectively probing the respective electron systems. Fig-
ure 3 shows I(t)/I0 at the energy of the dipole (E1,
black) and quadrupole (E2, red) transitions, which in-
dependently probe the magnetic ordering of the itiner-
ant 5d and of the localized 4f spin systems, respectively.
Both curves show a very similar fast demagnetization,
well described by the demagnetization behavior observed
in Fig 2. In order to correctly describe the demagneti-
zation amplitudes, the change of the x-ray penetration
depth across the Ho L3 edge from λx−ray(E1) = 15 nm
to λx−ray(E2) = 40 nm has to be taken into account.
For coherence of the diffracted beam [35] the diffracted
intensity can be written as
I(t) ∝
∣∣∣∣∫ ∞
0
M(z, t) · e−z/2λx−raydz
∣∣∣∣2 , (2)
where M(z, t) is the normalized time- and depth-
dependent magnetic structure factor (proportional to the
staggered magnetization), and its reduction is assumed
to depend linearly on the pump energy density at depth
z, with the time-dependence of Eq. (1):
M(z, t) = 1−
(
3∑
i=1
Θ(t)Ai(1− e−t/τi)
)
· e−z/λopt . (3)
Fits of Eq. (2) and (3) to the data shown in Fig. 3 yield
maximal fast demagnetization amplitude AE11 = 0.22 ±
0.01 and AE21 = 0.21 ± 0.01, and time constants τE11 =
40.60± 0.07 ps and τE21 = 0.62± 0.08 ps, identical for the
two magnetic subsystems within our accuracy.
The observation of identical demagnetization
timescales of 5d and 4f electrons is intriguing.
Whereas the optical excitation directly affects only
the small moments of the itinerant conduction electrons
(µ5d ≈ 0.6 µB), the localized 4f moments, which carry
most of the ordered magnetic moments (µ4f ≈ 10.6 µB),
are only indirectly affected by the pump pulse though
intra-atomic 5d-4f exchange coupling. Therefore,
depending on the strength of this coupling, one could
expect a faster demagnetization of the 5d states. Such
a behavior of different demagnetization timescales
has been observed e.g. in the demagnetization of the
different elements in 3d/4f alloys [10, 12]. The identical
demagnetization timescales for the 5d and 4f electrons
in Ho demonstrate a very strong intra-atomic exchange
coupling between the two spin systems. This strong
coupling efficiently ties the 5d moments to the large
4f moments and prevents a selective demagnetization
of the conduction electrons, leading to the simulta-
neous demagnetization of both spin systems. Indeed,
calculations of the intra-atomic f -d exchange coupling
constant yield Jfd ∼ 70 meV for Ho [36], corresponding
to a characteristic time scale of ∼ 10 fs, well within our
experimental error bars. Such a strong intra-atomic
exchange coupling of itinerant and localized magnetic
moments was also discussed for ferromagnetic Gd and
Tb [14], suggesting a general behavior in the rare-earth
systems. We note, however, that our finding of identical
demagnetization timescales of 4f and 5d electrons
are in contrast to the decoupled ultrafast magnetic
dynamics recently observed for occupied d and f states
by time-resolved photoemission in Gd [15].
We now turn back to the timescales of the demagne-
tization. In ferromagnetic systems, the demagnetization
rate is generally considered to be limited by the dissipa-
tion of angular momentum from the polarized spin sys-
tem via angular momentum transfer to the lattice [5, 34]
or through spin transport channels [4, 37, 38]. In con-
trast, in an antiferromagnet, the total sublattice mag-
netizations compensate each other and no net angular
momentum needs to be conserved during ultrafast de-
magnetization. Therefore, demagnetization of AFM sys-
tems could potentially be significantly faster than in fer-
romagnetic systems. Indeed, demagnetization in various
strongly correlated antiferromagnetic systems such as Fe
pnictides [39, 40], cupric oxide [41] or Nickelates [42] have
been reported to progress on much faster timescales.
The similarity of the demagnetization timescales ob-
served here in AFM Ho compared to ferromagnetic lan-
thanides, and the lack of a significantly faster demagne-
tization suggests that the demagnetization in Ho occurs
via similar processes involving angular momentum dissi-
pation, despite the absent net magnetization. A possible
route could be a loss of AFM order by demagnetization
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FIG. 4. (color online) Reciprocal space maps of the magnetic
x-ray diffraction intensity along the (K,L) plane at H = 2 (a)
before and (b) at 105 ps after excitation. Dashed lines mark
the peak position before excitation. Note the shift towards
larger L after excitation. (c) Peak position (circles, left axis)
and maximum peak intensity (diamonds, right axis) along
the L direction as function of pump-probe delay determined
by Gaussian fits to line profiles along the L-direction. Shaded
areas are guides to the eyes, and error bars are 95% confidence
intervals of the fits.
of the individual ferromagnetic sublattices along the a/b-
planes, as sketched in the inset of Fig. 2, whereas the
AFM helical alignment of ferromagnetic planes along the
c axis stays constant. Such a scenario suggests that the
spin flip scattering mechanisms leading to demagnetiza-
tion may be shorter in range than the helix period. It
may, however, also play a role that the present experi-
ment was carried out near the ordering temperature and
that critical slowing down [43, 44] obscures an otherwise
faster dynamics. To clarify this issue, further comple-
mentary experiments e.g. at the Ho M5 edge could pro-
vide additional insight.
Finally, the time-resolved resonant x-ray diffraction
also allows us to investigate the dynamics of the tran-
sient magnetic structure during demagnetization in re-
ciprocal space. Fig 4(a) and (b) show a cut of the mag-
netic diffraction intensity of the (2 1 3-τ) satellite in the
(K,L) plane, at H = 2, before, and 105 ps after exci-
tation. Apart from the reduction of the diffraction in-
tensity due to the demagnetization, a clear shift of the
peak center towards larger L is observed. The time de-
5pendence of peak position (green) and intensity (blue) is
determined by Lorentzian squared line fits along the L di-
rection, shown for various pump probe delays in Fig. 4(c),
while no change in the peak width (correlation length) is
observed.
Such a transient shift of a magnetic satellite peak can
in principle have two origins: (i) a change of the ordering
vector τ shifting the satellites relative to the structural
peak, or (ii) a change of the crystal lattice constant c,
shifting the structural peak position along with the satel-
lites. For the first case, the observation of a shift towards
larger L of the (2 1 3-τ) satellite corresponds to a decrease
of τ upon excitation. Such a behavior seems unlikely, as
it is in contrast to a thermal behavior, where an increase
of τ with increasing temperature is observed [17]. In con-
trast, an increase in L can be explained by a contraction
of the lattice constant c upon excitation, due to the re-
lease of magneto-striction, which statically leads to an
anomalous expansion of c when entering the magnetic
helical phase [45].
In conclusion, we investigated the ultrafast demagne-
tization dynamics in antiferromagnetic Holmium using
time-resolved resonant x-ray diffraction at the Ho L3
edge. The demagnetization of the 5d electrons proceeds
via a three-step demagnetization process on timescales
very similar to ferromagnetic 4f materials, indicating a
similar spin-flip scattering mechanism for the loss of mag-
netic order in these systems. The demagnetization of
4f and 5d electrons follows the same time dependence,
demonstrating a strong intra-atomic exchange coupling
between the two spin systems. The suppression of an-
tiferromagnetic order leads to the release of magneto-
striction, which manifests in an ultrafast lattice contrac-
tion upon excitation.
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